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METHOD AND SYSTEM FOR STORING INFORMATION USING 
NANO-PINNED DIPOLE MAGNETIC VORTICES 
IN SUPERCONDUCTING MATERIALS 

RELATED APPLICATIONS 

This application claims the benefit of U.S. 
Provisional Application Serial No. 60/262,609, filed 
January 17, 2 001. 

TECHNICAL FIELD OF THE INVENTION 

This invention relates in general to information 
storage, and more particularly to a method and system for 
storing information using nano-pinned dipole magnetic 
vortices in superconducting materials. 
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BACKGROUND OF THE INVENTION 

The development of materials that superconduct at 
relatively high temperatures allows devices to exploit 
the properties of superconductivity using conventional 
coolants such as liquid nitrogen rather than requiring 
coolants that are more difficult to create and use, such 
as liquid helium. Applications using high-temperature 
superconductors continue to be developed, but only a 
small portion of the potential scope of superconductor 
applications has been explored. Furthermore, many of the 
properties of superconductors have yet to be studied, 
much less applied. 

U.S. Patent No. 5,079,219, entitled "Storing 
information-bearing signals in a superconductive 
environment using vortices as digital storage elements" 
and issued to Barnes, discloses information-bearing 
signals that are stored as vortices of electrical current 
in a superconducting material. However, this reference 
does not address production of sites for anchoring 
magnetic vortices in superconductive materials, control 
of the net magnetic flux of the superconductive material, 
use of superconducting materials with a non-crystalline 
or multiple domain structure, and reliable detection of 
the presence of magnetic vortices. 
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SUMMARY OF THE INVENTION 

Technical advantages of certain embodiments of the 
present invention include exploiting the magnetic 
properties of superconducting materials to provide high- 
density information storage. By using relatively small 
magnetic vortices within a superconducting material to 
store information, superconducting materials can provide 
an information storage density comparable to if not 
significantly greater than that of silicon-copper 
technology. 

Other technical advantages of certain embodiments of 
the present invention make use of superconductors. This 
makes the magnetic properties of the superconducting 
material available using conventional coolants such as 
liquid nitrogen, therefore obviating the need for more 
complex cooling systems. Furthermore, as superconductors 
become available at higher temperatures, embodiments of 
the present invention may exploit those improvements as 
well . 

In accordance with certain embodiments of the 
present invention, magnetic properties of a 
superconducting material are used to store information. 
In particular, pinning sites are created in the 
superconducting material. The pinning sites pin magnetic 
vortices within the superconducting material in close 
proximity to the pinning sites. The position of pinned 
magnetic vortices may be detected and interpreted as 
stored information. 

In accordance with one embodiment of the present 
invention, a method includes providing a superconducting 
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material having pinning sites that can pin magnetic 



also includes pinning one or more magnetic vortices at 
one or more of the pinning sites. The locations of the 
pinned magnetic vortices may be interpreted as stored 
information. 

In accordance with another embodiment of the present 
invention, an information storage apparatus includes a 
superconducting material, defects such as doped atoms 
within the superconducting material, a magnetic tip and a 
magnetic detector. The doped particles can pin magnetic 
vortices within the superconducting material. The 
magnetic tip generates pinned magnetic vortices when 
positioned in sufficiently close proximity to the 
superconducting material. The magnetic detector detects 
any pinned vortices at any of the pinning sites. 



vortices in the superconducting material . 



The method 
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BRIEF DESCRIPTION OF THE DRAWINGS 

For a . more complete understanding of the present 
invention and its advantages, reference is now made to 
the following description, taken in conjunction with the 
accompanying drawings, in which: 

FIGURE 1A illustrates a superconducting material 
with pinning sites in accordance with a particular 
embodiment of the present invention; 

FIGURE IB is a perspective of the superconducting 
material of FIGURE 1A showing field lines; 

FIGURES 2A and 2B show an information storage system 
in accordance with a particular embodiment of the present 
invention; 

FIGURE 3 is a flowchart showing a method of 
fabricating the superconducting material of FIGURE 1A; 

FIGURE 4 is a flowchart showing a method for reading 
information using the system of FIGURE 2; and 

FIGURE 5 is a flowchart showing a method for writing 
information to memory locations in the superconducting 
material of FIGURE 1A. 
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DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE 
INVENTION 

FIGURE 1A illustrates a superconducting material 
100. Superconducting material 100 may be any material 
that superconducts, i.e., exhibits no electrical 
resistance, when held at or below a characteristic 
critical temperature (T c ) - It is advantageous for 

superconducting material 100 to be able to reach T c when 
cooled with liquid nitrogen (around 77 K) or other 
conventional coolants, so that the superconductive 
properties of superconducting material 100 can be 
exploited without requiring complex and expensive cooling 
systems. Such materials are well known in the art, and a 
wide variety of choices are available. Examples of high 
temperature superconductors (HTSCs) include numerous 
bismuth-based materials, such as type II Bi- (Pb) -Sr-Ca- 
Cu-O, but any existing or future superconducting material 
may be suitable. Superconducting material 100 may be 
formed as a thin film with a thickness of about one 
micron to encourage a uniform structure; however, other 
thicknesses may be used. 

A doping grid 102 is superimposed on superconducting 
material 100 to indicate the lattice structure of the 
superconducting material. Although a particular lattice 
structure is illustrated, doping grid 102 need not have a 
regular periodic array. Furthermore, the superconducting 
material 100 may include multiple crystalline domains 
separated by grain boundaries or be amorphous. 

Magnetic vortices 104 are quantum objects with a 
localized magnetic flux in a particular direction. 
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Magnetic vortices 104 in high temperature superconducting 
materials typically have a core size of around 2 nm. 
Vortices 104 are generated by electromagnetic 
interactions with superconducting material 100. Vortices 
5 104 move freely about superconducting material 100 in 
response to electromagnetic forces, such as the Lorentz 
force created by electric currents in superconducting 

^ material 100. 

Q 

Q Pinning sites 106 are locations in superconducting 

in 

=7 10 material 100 that "pin" magnetic vortices, as shown by 

In pinned magnetic vortices 108. "Pinning" refers to 

j Ti 

'£ exerting an electromagnetic force on pinned vortex 108 

L such that the pinned vortex 108 is not able to move 

I s - freely in superconducting material 100 in response to 

\a 15 other electromagnetic forces. It is advantageous for the 
influence of each pinning site 106 to be short enough 

ru 

that the pinning forces for adjacent pinning sites 106 do 
not overlap substantially, meaning that each pinning site 
106 is associated with a reasonably well-defined pinning 

20 area. Pinning sites 106 with overlapping pinning areas 
may be used, however, if vortices 104 can be generated in 
sufficient proximity to pinning sites 106 or if 
sufficient spacing is allowed between pinning sites 106 
actually used to pin vortices 104. In such cases, a 

25 vortex 104 may be reliably pinned by generating the 
vortex 104 in sufficiently close proximity to one of the 
pinning sites 106 that the force from that pinning site 
106 will overpower the overlapping pinning forces from 
other pinning sites 106. 
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One method of creating pinning sites is to dope 
superconducting material 100 with particles of another 
material, such as manganese, vanadium, uranium, hafnium, 
or any other suitable doping material . For purposes of 
this specification, "particles" refers generally to 
atoms, molecules, or any other tiny portions of a 
substance or substances, including small groups or 
collections of atoms and/or molecules. Although pinning 
sites 106 are shown at the intersection of grid 102 
lines, it is not necessary for the location of pinning 
sites to bear any particular relation to the lattice or 
grain structure of superconducting material 100. It is 
useful for pinning sites 106 to be situated in some 
regular arrangement in superconducting material 100 for 
ease in mapping and locating pinning sites 106. However, 
techniques exist for employing heterogeneous storage 
media as well, such as hierarchical memory structure and 
block accessing techniques. 

In operation, vortices 106 are generated near 
pinning sites 106 using suitable techniques, such as 
those described later in conjunction with FIGURES 2A and 
2B. Pinned vortices 108 are detected, and the positions 
of pinned vortices 108 are interpreted as information. 
For example, an empty pinning site 106 is interpreted as 
a "zero," while a pinning site 106 with a pinned vortex 
108 is interpreted as a "one." In principle, this allows 
the density of information storage to equal the density 
of the pinning sites, which may potentially be deposited 
with a spacing of 2-5 nm, on the order of the size of the 
vortex 104 cores themselves. Even at coarser resolution, 



ATTORNEY'S l^KET 
017575.0565 (TAMUS 1694) 





T APPLICATION 



9 



such as 100 nm spacing, superconducting material 10 0 can 
store 10 10 bits per cm 2 , a storage density which is 
comparable to current day leading edge silicon/copper 



including Bi- (Pb) -Sr-Ca-Cu-O, is that they may store a 
high density of magnetic vortices, allowing more pinned 
vortices 108 to be stored in a given area of 
superconducting material 100. Not every pinning site 106 
needs to be used in order for superconducting material 
100 to effectively store information, and pinned vortices 
108 may be arranged in a variety of positions and/or 
patterns without substantially affecting the information 
storage functions of superconducting material 100. 

In a particular embodiment, pinned vortices 108 are 
stored in pairs with one pinned vortex 108 having a flux 
in the opposite direction from the paired pinned vortex 
108, thus forming a magnetic dipole 110. One example of 
such an embodiment is illustrated in FIGURE 1A. Pinned 
vortices 108a and 108b are pinned at adjacent pinning 
sites 106a and 106b. Pinned vortex 108a is shown as a 
counterclockwise vortex, indicating a magnetic flux out 
of the page according to the convention of the right hand 
rule. Pinned vortex 109a has a magnetic flux in the 
opposite direction, shown by the clockwise arrow. A 
particular way to do this is by placing a dipole magnet 
in close proximity to superconducting material, as 
described in greater detail later in conjunction with 
FIGURE 2 . One advantage of pairing pinned vortices 108 
with opposite signs is that the net magnetic flux of 
superconducting material 100 is zero or nearly so (i.e., 



wafer technology. 



One advantage of some materials, 
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within the flux of a few vortices of zero) so that 
superconducting material 100 will not radiate magnetic 
fields that may be damaging to external components and so 
as to minimize the net magnetic flux that might otherwise 
5 destroy the superconducting properties. Furthermore, the 
magnetic field gradient 112 between pinned vortices 108 
of opposite sign may be easier to detect than individual 
~i pinned vortices 108. FIGURE IB is a perspective view of 

~! dipole 110 showing arrows representing magnetic field 

M 

=i= 10 lines. A dipole may also be produced by orienting a 

SB 

p! pinned magnetic vortex 108 so that the magnetic field 

lines emanating from the pinned vortex 108 form a closed 
2 loop near the surface of superconducting material 100. 

7 FIGURES 2A and 2B are perspective views of an 

4 15 information storage system 200 using superconducting 
material 100. Although particular details are described 
for this embodiment, it should be understood that the 
described system is only one of many possible examples of 
an information storage system 2 00 using superconducting 
20 material 100. System 200 includes a magnetic force 
microscope (MFM) 202 that is positioned relative to 
superconducting material 100 in three dimensions using a 
positioning system 210. MFM 202 reads and writes 
information in the form of pinned magnetic vortices 108 
25 in superconducting material 100. 

MFM 202 includes a cantilever 204 and a magnetic tip 
206. Cantilever 204 represents any movable arm of the 
type usually employed in atomic and magnetic force 
microscopy. Cantilever 204 is positioned relative to 
30 superconducting material using positioning system 202. 
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Cantilever 204 may be coupled to a detector 2 08 that 
detects flexion and/or small quantities of motion in 
cantilever 204 created by magnetic or electrostatic 
forces on tip 206, such as those created by pinned 
5 magnetic vortices 108 near tip 206. 

Magnetic tip 206 may be used both to detect pinned 
vortices 108 and to generate them. In this example, tip 
206 may be any one of a number of tips used in atomic and 
magnetic force microscopy with points sufficiently fine 

10 to resolve positions on the nano scale (10-100 nm) . Such 
tips are formed by anisotropic chemical etching 
techniques familiar to one skilled in the art. Although 
tips 206 are typically ferromagnetic, it should be 
understood that any material may be used that is 

15 susceptible to magnetization, although high- flux magnetic 
materials are particularly desirable. Coatings, such as 
cobalt films, may be applied to tip 206 to increase its 
sensitivity to magnetic forces or to increase the 
susceptibility of tip 206 to magnetization. 

2 0 Positioning system 210 may include any suitable 

combination of hardware and/or software . usable to 
position magnetic tip 206 with nano-scale precision, 
including conventional techniques for MFM positioning. 
However, positioning system 210 can also incorporate more 

2 5 complex nano-posit ioning technology, such as the 
concentrated- field magnet matrix or other magnetic 
levitation techniques. The resolution of positioning 
system 210 need only be sufficient to match the desired 
density of pinning sites 106 in superconducting material 

30 100. 
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In operation, system 2 00 may read information stored 



positioned near superconducting material 100 using 
positioning system 210. Tip 206 experiences a magnetic 
force when positioned sufficiently close to a pinned 
vortex 108. The magnetic force from a pinned vortex 108 
moves tip 206, thereby producing motion in cantilever 204 
that is in turn detected by detector 208. By this 
method, MFM 202 detects the presence or absence of pinned 
vortices 108 at pinning sites 106. Tip 206 may also be 
used to generate pinned vortices 108. 

To generate pinned vortices 108, tip 206 is 
positioned at or between pinning sites 106 and moved to 
the surface of superconducting material 100 using 
positioning system 210. When brought near to the surface 
of superconducting material 100, tip 206 produces a 
magnetic vortex 104 sufficiently close to one of the 
pinning sites 106 to generate a pinned magnetic vortex 
108. In a particular embodiment, tip 206 is a magnetic 
dipole that produces paired pinned magnetic vortices 108, 
each with a magnetic flux in the opposite direction as 
the other. In another embodiment, tip 2 06 is formed 
asymmetrically to produce dipoles 110 in superconducting 
material 100. 

FIGURE 2B illustrates the system 2 00 of FIGURE 2A as 
viewed along lines 212. Detector 208 and positioning 
system 210 are coupled to a processor 214 and a memory 
216. Processor 214 represents a microprocessor, micro- 
controller, or any other combination of hardware and/or 
software suitable for processing information. Memory 216 



in superconducting material as follows. 



Tip 206 is 
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represents any form of information storage, whether 
volatile or non-volatile, local or remote, accessible by 
processor 214. Memory 216 stores code 218 that is 
executed by processor 214 and also stores surface 
5 parameters 22 0. Surface parameters 22 0 are usable by 
processor 214 to determine the location of pinning sites 
106 in superconducting material 100. For example, 
surface parameters 22 0 could include information about 
the crystalline structure of superconducting material 

10 100, the spacing of pinning sites 106 or any other 
suitable information to assist in the identification of 
locations on superconducting material 100. 

In one embodiment, in the "read" mode of operation, 
processor 214 sends an instruction 222 to positioning 

15 system 210 to position the tip 206 of MFM 202 at the 
location to be read. If the location has been previously 
"written" with a pinned vortex 108 or magnetic dipole 
110, detector 208 detects a magnetic force on MFM 202, 
generates a signal 224 in response to the detection, and 

20 communicates signal 224 to processor 214. Signal 224 may 
then be interpreted as a "one" at the memory location. 
On the other hand, if the location to be read has not 
been written, detector 208 communicates a signal 224 
indicating that the location is empty. Signal 224 may 

25 then be interpreted as a "zero" at the memory location. 

In the "write" mode of operation, processor 214 
sends an instruction 222 for positioning system 210 to 
position the tip 206 of MFM 202 at the location to be 
written. Processor 214 then instructs positioning system 

30 210 to bring tip 206 to within a predetermined distance 
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of superconducting material 100, thereby creating pinned 
magnetic vortices 108 at pinning sites 106. Processor 
214 then instructs positioning system 210 to bring tip 
206 back to its read position. The information can also 
be overwritten or "erased" by using the same method as it 
was written. 

Numerous variations on system 2 00 and its modes of 
operation will be apparent to one skilled in the art. 
For example, separate MFMs 2 02 could be used for writing 
and reading information to superconducting material 100. 
Furthermore, system 2 00 could include arrays of MFMs 2 02 
positioned over superconducting material 100 that could 
perform multiple reads and/or writes. Other techniques 
for generating and/or detecting pinned magnetic vortices 
108 could be used in place of MFM 202. Because of the 
wide range of possible variations, the system 200 
described should be viewed as an illustration only and 
not as an exclusive definition. 

FIGURE 3 is a flowchart 3 00 illustrating an example 
of a method for fabricating a thin film of 
superconducting material 100 using physical vapor 
deposition (PVD) in a vacuum chamber. Many other 

possible methods will be apparent to one skilled in -the 
art, so the described method should be taken as an 
illustration and not as an exclusive definition. At step 
302, the material to be used in the thin film is 
evaporated. A wide range of techniques for evaporating 
the material are available, including conductive heating, 
resistance heating, bombardment with electron beams, 
magnetron sputtering, or any other suitable techniques 
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used to evaporate material . 



The number , position and 



geometry of the sources of material and the heating 
source and the rate of heating may be modified to 
influence the pattern of evaporation and/or deposition. 
In one embodiment, a single source is used in order to 
encourage uniformity in the structure of the thin film. 

At step 304, material is deposited on a substrate in 
order to epitaxially grow the thin film. Growing the 
film is primarily influenced by three factors: the 
material of the substrate (typically a single crystal 
with a modified perovskite structure) , the amount and 
direction of the flux of evaporated material onto the 
substrate, and the pressure of gases (such as oxygen and 
argon) in the PVD chamber. All of these factors may be 
varied to influence the quality of the thin films and 
their rate of production. Additional techniques, such as 
molecular beam epitaxy and infrared heated epitaxial 
growth, may be incorporated in PVD to influence the 
deposition of material as well. 

The thin film is doped with impurity atoms to create 
pinning sites at step 306. Doping may be performed while 
the thin film is being deposited to encourage a uniform 
concentration of impurity atoms. Impurity atoms may 
include Mn, Hf , V, U, or any other suitable material 
which has the property of pinning magnetic vortices in a 
superconductor. The impurity atoms may be mixed with 
evaporated material to encourage uniform distribution of 
the impurity atoms within the thin film. The 
concentration of impurity atoms typically ranges from 200 
to 2000 parts per million, depending on the desired 
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concentration of pinning sites in the thin film and the 
size and spacing of magnetic vortices in the thin film. 

At step 308, it is determined whether the thickness 
of the film has reached at least several superconducting 
coherence lengths. This typically involves measuring how 
long the deposition process has gone on, and determining 
the thickness based on previously characterized films. 
If the thin film has yet to reach the desired thickness, 
the deposition and doping steps continue. If the thin 
film has reached the desired thickness, the method is 
complete . 

There are numerous possible embodiments of the 
described method. In one illustrative embodiment, a 
single source of Bi- (Pb) -Sr-Ca-Cu-O is deposited on a 
LaSrGa0 4 single crystal substrate, which has a low 
percentage (0.5%) of lattice mismatch. Alternative 
substrates include polyimide, a flexible substrate, with 
a perovskite buffer layer on the surface of the 
polyimide. Radio frequency magnetron sputtering is used 
to evaporate and deposit the material on the substrate. 
During growth of the thin film, vanadium impurities are 
introduced into the film to produce a impurity atom 
concentration between 500 and 1000 ppm. 

As noted above, the method and the particular 
implementation presented are examples of a method for 
fabricating a superconducting material with pinning 
sites. Other methods might include chemical vapor 

deposition (CVD) or molecular beam epitaxy (MBE) . The 
particular embodiments presented should be seen as 
illustrative examples rather than as exclusive 
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definitions . 



In particular, where variations and 



modifications would be apparent to one skilled in the 
art, such variations and modifications should be 
understood to be included within the scope of the 
description . 

FIGURE 4 is a flowchart 400 showing a method for 
using system 200 in FIGURE 2 to retrieve stored 
information from superconducting material 100. 
Information storage system 2 00 determines the memory 
location to be read at step 402. System 200 determines a 
corresponding physical location in superconducting 
material 100 at step 404. System 200 positions tip 206 
of MFM 2 02 at the corresponding physical location at step 
406. 

Once tip 206 is in position, detector 208 monitors 
the force on cantilever 208. At step 410, detector 208 
determines if force on cantilever 208 has been detected. 
If a force has been detected, detector 208 sends a 
"Detected" signal at step 412, indicating a pinned vortex 
at the memory location. The "Detected" signal may be 
interpreted as a "one" at the memory location. If a 
force is not detected, detector 208 sends a "Not 
Detected" signal at step 414. indicating that the memory 
location is empty. The "Not Detected" signal may be 
interpreted as a "zero" at the memory location. 

The described method for reading information stored 
in a superconducting material is one of many possible 
methods. For example, other methods of detecting 

magnetism, such as superconducting quantum interference 
devices (SQUIDs) , could be used in the method. 
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Consequently, the described method should be viewed as an 
illustrative example rather than as an exclusive 
definition. 

FIGURE 5 shows a flowchart 500 illustrating a method 
for writing information on superconducting material 100. 
A memory location is determined at step 502 . The 
corresponding physical location on the superconducting 
material is determined at step 504. At decision step 
506, a determination is made whether the location needs 
to be assigned a polarity ("written") or whether the 
polarity needs to be changed ("overwritten" or "erased"). 

To write at the location, a magnetic tip is 
positioned near the corresponding surface position of the 
memory location at step 508. The tip is moved close to 
the surface of the superconducting material at step 510 
so that a magnetic vortex is pinned at the pinning site 
corresponding to the memory location. The tip is then 
retracted from the surface at step 512. 

To overwrite the location, a tip is re-positioned at 
step 514 to assign the opposite polarity to the memory 
location, and the tip is moved to the surface at step 
516. Alternatively, a magnetized tip may be used in a 
slightly different position so as to manipulate existing 
magnetic vortices at the pinning site. The tip is then 
retracted from the surface at step 518. 

The described method for writing and 
overwriting/erasing memory locations in a superconducting 
material is only one of many possible examples of such a 
method. Other methods of generating and disrupting 
magnetic vortices could be substituted by one skilled in 
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the art. Consequently, the described method should ' be 
not be construed to exclude other possible variations 
apparent to one skilled in the art. 

Although the present invention has been described 
with several embodiments, a myriad of changes, 
variations, alterations, transformations, and 

modifications may be suggested to one skilled in the art, 
and it is intended that the present invention encompass 
such changes, variations, alterations, transformations, 
and modifications as fall within the scope of the 
appended claims . 



